We show that a finite in-plane piezoelectricity can be induced in graphene by breaking its inversion center with any in-plane defect, in the limit of vanishing defect concentration. We first consider different patterns of BN-doped graphene sheets of D 3h symmetry, whose electronic and piezoelectric (dominated by the electronic rather than nuclear term) properties are characterized at the ab initio level of theory. We then consider other in-plane defects, such as holes of D 3h or C 2v point-symmetry, and confirm that a common limit value (for low defect concentration) of the piezoelectric response of graphene is obtained regardless of the particular chemical or physical nature of the defects (e 11 ≈ 4.5 × 10 −10 C/m and d 11 ≈ 1.5 pm/V for direct and * To whom correspondence should be addressed † Equipe de Chimie Physique, IPREM UMR5254, Université de Pau et des Pays de l'Adour, 64000 Pau, France ‡ Chemistry Department, Faculty of Science, Minia University, Minia 61519, Egypt ¶ Dipartimento di Chimica and Centre of Excellence NIS (Nanostructured Interfaces and Surfaces), Università di Torino, via Giuria 5, IT-10125 Torino (Italy) 1 converse piezoelectricity, respectively). This in-plane piezoelectric response of graphene is one-order of magnitude larger than the out-of-plane previously investigated one.
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Introduction
In the continuous quest for the fabrication of nanoelectromechanical systems (NEMS) and nanoscale devices, a great attention has been devoted in recent years to low-dimensional materials due to their peculiar, highly-tunable, physico-chemical properties. [1] [2] [3] A variety of NEMS devices has been successfully produced (nanosized switches, sensors, motors, energy harvesters, actuators, etc.) [4] [5] [6] [7] which essentially rely on quantum-size effects. 8 Most of such devices require some sort of dynamical control of atomic displacements and nanoscale deformations. In this respect, piezoelectricity turns out to be an extremely useful property in that it allows for fine-tuning the induced nano-strain by modulating an applied electric field (or vice versa). Among other low-dimensional systems, such as nanoparticles, nanotubes, nanoribbons and fullerenes, graphene-based 9 materials have been playing a paramount role in the fabrication of innovative devices for electronics, optoelectronics, photonics and spintronics, [10] [11] [12] [13] [14] [15] [16] due to the many extraordinary properties of the 2D carbon allotrope: high electron-mobility, hardness and flexibility, anomalous quantum-hall effect, zero band gap semi-metallic character, etc. [17] [18] [19] Graphene lacks any intrinsic piezoelectricity due to its symmetry inversion center. The induction of piezoelectricity into graphene sheets would lead to a new branch of possible applications in NEMS devices requiring high electromechanical coupling. A recent theoretical study has highlighted the possibility of engineering piezoelectricity in graphene by adsorbing light atoms (such as H, Li, K, F) on one side of its surface; a rather small out-of-plane piezoelectric response has been reported. 20 Apart from atom adsorption, other techniques can be used to break the inversion symmetry of graphene sheets, such as hole formation, 21 stacking control in graphene bilayers, 22 application of non-homogeneous strain, 23 and chemical doping. [24] [25] [26] Among these strategies, chemical doping seems the most promising as it already represents an effective experimental mean for tuning structural and electronic properties (such as band gap and work function) of graphene. 24, 25, [27] [28] [29] Boron nitride (BN) chemical doping of graphene has recently been successfully achieved in different configurations and concentrations: semiconducting atomic layers of hybrid h-BN and graphene domains have been synthesized, 27 low-pressure chemical-vapor-deposition (CVD) synthesis of large-area few-layer BN doped graphene (BNG) has been presented, leading to BN concentrations as high as 10%; the BN content in BNG layers has been discussed to be related to the heating temperature of the precursor, as confirmed by X-ray photoelectron spectroscopy measurements. 28 The synthesis of a quasi-freestanding BNG monolayer heterostructure, with preferred zigzag type boundary, on a weakly coupled Ir-surface has also been recently reported. 29 In this study we apply ab initio quantum-mechanical simulations and show how, by doping graphene with BN inclusions arranged according to different patterns and exploring different substitutional fractions x, a piezoelectricity can be induced in 2D graphene which is found to be 3 to 4 times larger than pure 2D BN monolayer and one order of magnitude larger than previously reported on graphene. Carbon pairs are substituted with BN pairs so as to reduce point symmetry from the centrosymmetric D 6h to the non-centrosymmetric D 3h group. The full set of piezoelectric constants (elements of the third-order direct, e, and converse, d, piezoelectric tensors) and elastic constants (elements of the fourth-rank elastic, C, and compliance, S, tensors) of all configurations is determined. Both electronic and nuclear-relaxation contributions to the piezoelectric and elastic response of BNG are explicitly taken into account. In the linear regime, direct and converse piezoelectric tensors describe the polarization induced by strain and the strain induced by an external electric field, respectively; a simple connection exists between the two (e = d C or d = e S) via the elastic tensors. Piezoelectric constants can be decomposed into purely electronic "clamped-ion" and nuclear "internal-strain" contributions, where the latter measures the piezoelectric effect due to relaxation of the relative positions of atoms induced by strain 30, 31 and is strongly affected by soft phonon modes. Given the high rigidity of graphene, the electronic term is here expected to dominate the response.
Computational Approach
The computational scheme we adopt consists in directly computing the intensity of polarization induced by strain, according to the so-called Berry phase approach, [32] [33] [34] as implemented 35, 36 in the CRYSTAL14 program 37, 38 that is here used for all calculations in combination with the hybrid B3LYP functional 39 of the density-functional-theory (DFT) and an atom-centered all-electron basis set of triple-zeta quality, augmented with polarization functions, 6-42111G(spd). 40 The level of accuracy in evaluating the Coulomb and exact exchange infinite series is controlled by five thresholds set to T 1 =T 2 =T 3 =T 4 =1/2T 5 =8. 38 Reciprocal space is sampled according to a regular PackMonkhorst sub-lattice with a shrinking factor of 12, corresponding to 19 independent k-points in the first irreducible Brillouin zone of all D 3h structures. The present computational setup is the same as that used in a previous investigation on large Carbon nanotubes 41 which led to an accurate description of electronic properties such as the band gap. At variance with the case of polyacetylene (PA), 42 the calculation of the piezoelectric response of BN-doped graphene is not much sensitive to the adopted DFT functional (see comparison with LDA results in Supporting Information). We recently utilized the same approach for investigating the piezoelectric response of 3D systems such as SrTiO 3 , 35 BaTiO 3 , 43 Ge-doped quartz 44 and low-dimensional systems such as h-BN, 45 h-ZnO, 46 and BeO nanotubes. 47 Elastic constants and related properties are computed as strain numerical derivatives of analytical energy gradients. [48] [49] [50] 
Results and Discussion
We consider graphene embedded with periodic arrangements of zigzag-edged hexagonal (BN) 3 which have recently been shown to be more stable than other arrangements. 51 Different configurations are explored where the size of the BN rings and their separation are changed. In order to unambiguously label each configuration, we adopt a notation first introduced to study graphene antidot lattices and then extended to BNG structures. 52 Each configuration is labeled by a pair of integer indices within brackets, (R,W ). R represents the "radius" of the BN rings (measured in by increasing the substitutional fraction of BN), the piezoelectric response of BNG decreases. The structural parameter that effectively allows for fine-tuning BNG response properties is, indeed, W , as already noticed for the electronic band gap, 52 and for this reason it will be explicitly investigated Before illustrating the dependence on W of the elastic and piezoelectric response of BNG structures, we discuss its effect on energetic and electronic properties, such as the cohesive energy ∆E, the energy of mixing ∆E m and the electronic band gap E g . All these quantities are reported, for a series of (1,W ) BNG structures, in the two panels of Figure 2 as a function of an integer index p = 2R +W which measures the length of the lattice parameters (kept equal to each other) in units of the total number of atomic C-C chains contained in the unit cell (see Figure 1 for a graphical interpretation of this index). Note that p is related to the BN substitutional fraction x according to x = 3/p 2 for (1,W ) BNG series. This relation can easily be understood by referring, for instance, to the two panels of Figure 1 , where it is seen that the unit cell contains a total of 2p 2 atoms, out of which 6 × R 2 are BN-substituted. This gives a substitutional fraction x = 6 × R 2 /2p 2 , which reduces to x = 3/p 2 when R = 1. The inset of the lower panel of the figure shows the effect of increasing the "wall width" W on the structure of BNG and on the size of the corresponding unit cell for R=1. The cohesive energy of each BNG structure (solid red squares in the upper panel of the figure) is defined as: The computed value of the band gap of pristine h-BN is here 6.73 eV with experimental values usually found in the relatively wide range 4.6 < E g ≤ 7 eV. 53, 54 Electronic energy gaps of (1,W ) BNG structures are reported as a function of p in the lower panel of Figure 2 . Different symbols are used for cases where p is a multiple of 3 (empty blue circles) and where it is not (full red circles). Overall, the band gap decreases as the concentration of BN decreases, as expected, but with different steepness in the two cases so that the dependence of E g on p appears to be oscillating, where it appears to be linear with respect to BN concentration x by separating the two p cases (see Figure S1 in Supporting Information). The different behavior of these two classes (multiples of 3 or not of the primitive cell of the pristine system) of graphene superlattices is now wellunderstood in terms of the energy band-folding model. [55] [56] [57] Indeed, even in pure graphene, when p is a multiple of 3, the two Dirac points K and K ′ in the primitive cell are folded to the Γ point of the hexagonal first-Brillouin zone (BZ) of the superlattice, giving rise to a fourfold degeneracy that can be broken, opening a band gap, by a periodic arrangement of defects. In the other case, the twofold degenerate Dirac points do not fold into Γ and a band gap opening can be induced by breaking the inversion symmetry. 55 We will discuss below how these two cases can be clearly discriminated also from the analysis of the elastic and piezoelectric response of BNG structures. 
Direct and converse piezoelectric tensors are connected via elastic stiffness and compliance tensors; for this reason, before illustrating the piezoelectric response of BNG structures, let us discuss their elastic behavior. According to Voigt's notation, 58 the elastic tensor C of a 2D system can be represented in terms of a 3×3 matrix whose elements (i.e. the elastic stiffness constants)
where S is the area of the 2D cell, E the total energy per cell, η is the strain tensor and v, u = 1, 2, 6 (1=xx, 2=yy and 6=xy). The compliance tensor is simply obtained by inverting the stiffness tensor: S = C −1 . Given their symmetry invariance with respect to all the operators of the point group of the system, both tensors exhibit just two symmetryindependent constants: C 11 , C 12 and S 11 , S 12 . From the knowledge of the full elastic tensor, a number of elastic properties can be derived, such as bulk, shear and Young's moduli, Poisson's ratio, seismic wave velocities, etc. 48, 50, 58, 59 For 2D systems, the Young's modulus is given by Y S = (C 2 11 − C 2 12 )/C 11 , Poisson's ratio by ν = C 12 /C 11 and bulk modulus by K S = (C 11 + C 12 )/2 and corresponds to
All these quantities are given in Table 1 have been experimentally determined for graphene by nanoindentation in an atomic force microscope: its C 11 stiffness constant and its Young's modulus. 60 Computed counterparts do agree with to BNG structures with p multiple of 3, such as (1,1), (1, 4) and (1,7). The nuclear relaxation effect is seen to be quite small in all cases if compared with the electronic one: it never counts more than 3.8% for the dominant C 11 constant, which occurs for the (1,1) BNG structure of highest BN concentration. Then, it rapidly decreases to about 2% for BN concentrations below 5% and it remains almost constant down to pristine graphene where it amounts to 1.8%. An analogous behavior is observed also for the compliance constants. The vibrational contribution in pure graphene can be interpreted by considering the elastic deformation as a movement of carbon atoms in collective modes. This movement would lead to a polarization change which, however, is canceled by the inversion symmetry center of D 6h graphene, as we will mention below.
Pristine graphene, belonging to the D 6h symmetry point group, exhibits an inversion center which prevents it to be piezoelectric. BNG structures are here considered with periodic arrangements of BN domains which break such an inversion and reduce the symmetry to D 3h , a point group that enables a piezoelectric response. A Berry-phase approach is adopted that computes the direct piezoelectric constants e iv where i = x, y represents the in-plane Cartesian component of the polarization and v is an index representing the applied strain in Voigt's notation. Given the D 3h symmetry, a single constant is enough for describing the whole in-plane anisotropic piezoelectric response of BNG structures: e 11 = −e 12 = −e 26 , the other constants being null by symmetry. The converse piezoelectric effect (represented by the d 11 constant) is then described by coupling the direct one with the compliance response. For this reason, we discuss the effect of different BN patterns and concentrations, and of the nuclear relaxation, on the direct e 11 constant (see Figure   4 ). In the upper panel, the direct piezoelectric constant is reported as a function of BN doping concentration x, as obtained by including (full symbols) or not (empty symbols) the nuclear relaxation effect, for pure h-BN (squares), (2,W ) BNGs (triangles) and (1,W ) BNGs (circles). We notice that: (i) the computed value of e 11 for pure h-BN, 1.20×10 −10 C/m, is remarkably close to a previous theoretical determination: 1.19×10 −10 C/m; 62 (ii) as discussed for the electronic band gap E g , at relatively high BN concentrations, the electronic term of the piezoelectric response shows two distinct behaviors depending on p being or not a multiple of 3; (iii) the two different BN patterns provide an almost identical piezoelectric response as a function of BN concentration x (see the green arrows in the figure that mark compositions where (1,W ) and (2,W ) give exactly the same piezoelectric response). In the lower panel of the figure, the nuclear relaxation contribution is reported. We see that: (i) it systematically reduces the purely electronic piezoelectric response; (ii) it is rather large for pristine h-BN (-2.1×10 −10 C/m, corresponding to 60% of the electronic term), it progressively reduces as the BN concentration decreases and it becomes practically constant as x becomes lower than 10% (about -1.0×10 −10 C/m, corresponding to just 20% and 16% of the electronic contribution for p multiple or not of 3, respectively). The same trend has already been discussed for elasticity. An explanation for such a behavior can be demonstrated as due to soft (low-frequency) collective modes of small infrared (IR) intensity (see Supporting Information, Figure S2 : the IR spectrum of large BNG supercells). Another important finding, represented in Figure 4 , is that, for BN concentrations below about 33%, the piezoelectric response of BN-doped graphene is found to be essentially constant for p not multiple of 3, rapidly converging to the limit value of about 4.5×10 −10 C/m as x decreases. For p multiple of 3, the convergence is slower and still not completely reached at p = 12 (the purely electronic contribution to e 11 still Table 2 : Direct and converse piezoelectric constants of BN-doped graphene (at infinite defect dilution) as computed in the present study and as compared to experimental and theoretical values of other 2D and 3D piezoelectric materials. Direct e constants are reported in 10 −10 C/m for 2D system and in C/m 2 for 3D system. Converse d constants are expressed in pm/V. increases to 4.45×10 −10 C/m). However, the same piezoelectricity value as the converged one for Before discussing the effect of other types of inversion symmetry breaking defects on the piezoelectricity of graphene, let us discuss the magnitude of the piezoelectric response of BN-doped graphene by comparing with typical values of piezoelectric constants of other 2D and 3D systems.
In Table 2 , we report our computed values for the e 11 and d 11 piezoelectric constants of pristine h-BN and BN-doped graphene (in the limit of vanishing defect concentration) along with experimental and theoretical determinations of the highest piezoelectric constants of other materials. It is seen that the piezoelectricity induced in graphene by BN symmetry breaking is one order of magnitude larger than the largest one, corresponding to the e 31 constant, that could be induced by adsorbing Li atoms on its surface, due to the fact that an out-of-plane, instead of an in-plane, polarization was generated in that case. 20 BN-induced direct piezoelectricity in graphene is almost 4 times larger than that of pristine h-BN, more than twice the maximum one predicted for Fand H-doped h-BN in a chair conformation 63 and 60% larger than the experimentally measured one for the h-MoS 2 monolayer. 64 When comparing with 3D systems, we notice that the converse piezoelectric constant d 11 of BNG structures (in pm/V) is of the same order of magnitude but systematically smaller than those of bulk quartz, GaN and AlN, for instance. In order to compare present values of the direct piezoelectric response of the monolayers with those of standard 3D piezoelectric materials, we need to define a volume and to consider, as it is generally done in these cases, a graphite-like system with interlayer distance 67 of 3.35 Å. It follows that BNG structures exhibit a direct macroscopic piezoelectricity that is about 10 times larger than that of pure α-quartz 65 or Ge-doped α-quartz, 44 5 times larger than that (0.27 C/m 2 ) of polyvinylidene fluoride and its copolymers 68 and comparable to that of bulk GaN and AlN. 66 In order to confirm that the same finite, large, piezoelectric response can be induced in graphene simply by breaking its inversion symmetry center with any in-plane defect, in the limit of low defect concentration, we introduce two other defects: holes which reduce the symmetry of graphene from D 6h to D 3h and C 2v , respectively. A graphical representation of the resulting structure of the perturbed graphene sheet in the two cases is given in Figure 5 . For each type of hole, a series of structures corresponding to different defect concentrations are considered for which the purely The present results on graphene holes do apparently contradict those of a recent investigation of the piezoelectric response of graphene with triangular holes where a very low piezoelectricity (0.124 C/m 2 ) was reported. 69 However, in that study, performed with a plane-wave periodic program, the graphene layer was described in terms of a 3D model with a very large unit cell of non-interacting repeated layers and the results, given in units of a 3D system, were wrongly divided by the 3D cell volume thus resulting in an apparent very low piezoelectric response. 
Conclusions
It has been shown as a large in-plane piezoelectricity (one order of magnitude larger than the outof-plane one previously reported) can be induced in graphene by including in-plane defects that reduce its point symmetry from D 6h to either D 3h or C 2v . Different patterns and concentrations of periodically-arranged BN domains and holes have been considered. Direct and converse piezoelectricity is shown to be dominated by the electronic contribution, and to tend towards a unique value, neither null nor infinite, in the limit of pure symmetry-broken graphene. This behavior could have a significant technological impact in the practical fabrication of NEMS devices. 
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